According to General Relativity, the large scale structures of the Universe can influence a light beam remotely by their gravitational fields, resulting in a gradual systematic 'expansion' of the beam which reflects the curvature of space. We show that if such an effect is present, any random speed v in the masses will cause the frequency ω o of the arriving extragalactic light to deviate slightly from its usual redshifted value, by an amount
Introduction
One of the most striking unsolved problems concerning the Universe is its geometry. According to General Relativity, the curvature of space at large scales is determined by the total mass density of matter and energy, ρ(t), a quantity that evolves with world time t as the Universe ages. If the curvature is zero, the density at the current epoch t = t o must equal a critical value, i.e. ρ(t o ) = ρ c where
and H o = H(t o ) is the Hubble constant. It is customary to express ρ o = ρ(t o ) in units of ρ c , i.e. as the parameter
Recent data on the cosmic microwave background (Rubino-Martin et al 2003) corroborate with improved accuracy the earlier findings that Ω equals unity, i.e. space is flat. Specifically the latest published WMAP constraint is Ω = 1.02 ± 0.02 (Spergel et al 2003) . The consequence of ρ o = ρ c means that ∼ 97 % of the matter and energy in the Universe remains unaccounted for. More precisely, measurements indicate that of this 97 %, 28 % exists as the so-called dark matter of unknown composition, and 70 % in the form of a dark energy thought to be responsible for the accelerated expansion of space (a phenomenon that continues to receive observational confirmation, e.g. Blakeslee et al 2003), even though the physical properties of this energy is not at all understood. Given a situation like the above, it is probably necessary to reexamine the basic tenets of Relativistic Cosmology. In this Letter we present a test, by considering the effect of random motion in the intergalactic mass concentrations on the global curvature of space, and comparing the result against WMAP data.
As background material, it is necessary to point out that work in the past has already been done on the propagation of light through a moving gravitational lens, as can be seen from the pioneering paper of Birkinshaw and Gull (1983) . Of particular relevance to the ensuing discussion is the realization that when light skirts past a massive object in motion with impact parameter ∆ it emerges with a slightly altered frequency given by:
where v is the velocity component of the moving lens in the direction transverse to the light beam, and δθ is the angle of gravitational deflection of the beam. The sense of δω is such that one may expect blueshift in the case when the motion is away from the beam.
If a light path of length L passes by a homogeneous distribution of (for simplicity) the same objects, number density n and all having a transverse velocity +v or −v with equal probability, the total frequency shift will have a mean of zero. Yet when this light path is placed in different directions, thereby allowing each to sample an independent set of masses along the way, the arriving radiation will be found to possess a rms fluctuation in its frequency, given by:
This formula demonstrates an aspect of the so-called 'shear' action that gravitating bodies have on a beam of light.
Even though the process is amusing to calculate, the magnitude of its effect is likely to be limited, because Eq. (4) carries the hallmarks of diffusion: its √ n, √ L dependence, and above all the fact that on average one will never be able to deduce a systematic change in the light properties. Thus e.g. the contribution of these discrete mass components to the global space curvature is not through the forementioned way in which they affect a light beam. Our point is that there is another process, often called 'expansion' (yet not to be confused with Hubble expansion), by which such notions as global curvature is manifested. Indeed, in existing literature a distinction has already been made between 'shear' and 'expansion' in respect of light propagation through moving masses (see e.g. Molnar & Birkinshaw 2000, which mentioned that the effect of moving masses on 'expansion' has not yet been properly addressed). How does random motion of the masses influence the 'expansion' of the beam? And what is the implication on the frequency of the arriving light? In what follows we shall answer these two questions in the order as they appeared.
In relativistic cosmology the curvature of space along a light path is measured by the quantity Kr 2 which appears in the Robertson-Walker line element as:
where (r, θ, ϕ) are comoving coordinates, and the curvature index K may be expressed in terms of parameters at time t, viz.
with a(t) as the expansion parameter and t o the current epoch. Now this Kr 2 term may also be expressed via Eq. (6) as:
The two terms on the right side of Eq. (7) correspond respectively to the competing contributions from gravity and Hubble expansion. Henceforth we proceed under the assumption that the cause of any fluctuations in Kr 2 c 2 lies entirely with the first term. More precisely we mean that:
This is because we do not know how 'grainy' the Hubble expansion may be -and in the absence of useful data the subject cannot be pursued further, safe to say that any fluctuations here simply enhances the effect we shall derive, as an additional term in the variance 1 . As to the gravitational effects, the Universe at any epoch is certainly inhomogeneous beneath some length scale, and the total curvature as sampled by a light beam is shown, after a detailed analysis of the geodesic deviation equation (Peebles 1993, see Eq. (14.73 ) and thereafter), to be the systematic sum of many 'expansion' terms ϑ i ∼ GM i /∆ i = −Φ i where Φ i is the gravitational potential of each mass component evaluated at the impact parameter.
Thus the 'expansion' may be thought of as the monotonic accumulation of all the deflection angles, ϑ = ϑ i . The result is so large that it actually diverges unless the summation terminates at some upper impact parameter ∆ max . By choosing a reasonable value for ∆ max , Peebles (1993) found a way of securing a correspondence between i Φ i and the gravitational part of Kr 2 c 2 , viz. ϑ = −Φ where
Embedded in Eq. (9) is an interesting message: the quantity ϑ = −Φ ∼ L 2 , because one is not dealing here with a stochastic process. In fact, the curvature of space as imprinted on the light beam through Eq. (9) means that an arriving wavefront carries information about the cumulative effect of all the potentials it sampled along the way -this will be demonstrated explicitly below, when we examine the wave phase.
The other key point relates to both Eq. (8) and Eq. (9). When the two are put together, one sees that
i.e. any gravitationally induced variations in the Kr 2 term due to motion of the masses are to be calculated by perturbing the Φ term in Eq. (10). Specifically if, as before, the motion is in the form of equal numbers having velocity +v (i.e. directed away from the beam) and −v, then
For light from a high redshift source the summation in Eq. (11) 
If the objects in question constitute a fraction Ω A of the critical density of the Universe, we will have:
Moreover, specific to Eq. (12) ∆ min is naturally determined by the requirement of at least one mass (on average throughout the path) at such close proximity to the beam:
Eq. (14) is valid on the assumption that ∆ min nonetheless is ≫ the size of each object. If this is violated, it means the distribution is too smooth, i.e. one is no longer working in the context of an inhomogeneous Universe. Fortunately, most matter in the post-dark-age Universe exists in clumps large enough to avoid a problem here. As an example, it can easily be verified that for galaxies, which have a number density of ∼ 0.001 Mpc −3 , the criterion is readily satisfied. Also, strictly speaking in the integration of Eq. (12) one should have included the effect of evolution, by allowing n to be larger than that given by Eq. (13) and v to exceed the several hundred km s −1 random motion of present day galaxies, for sections of the light path closer to the epoch of emission (when the Universe was denser and hotter). This would lead to a higher δΦ, hence even more drastic consequences than the ensuing ones. By assuming ∆ max ≫ ∆ min , we obtain:
Since the final result depends only on Ω A , the effect of different mass types then directly add, irrespective of the size and number of clumps for each type. Thus in seeking the total r 2 δK, Ω A should be taken as the mass fraction of matter (since dark energy is likely to be distributed too smooth to satisfy the criterion stated immediately after Eq. (14)).
The observational implications of Eq. (15) will only be manifested through measuring properties of light from remote sources, where the effect of curvature becomes important. Therefore, let radiation of frequency ω = ω e and phase φ e = 0 be emitted by a distant point source at world time t = t e , position r = 0, and received by us at (t, r). By applying the radial null geodesic to the line element of Eq. (5), we see that the wave phase at detection is given by:
where:
Since the distances involved are enormous, associated with large redshift, we need to rewrite the temporal part of Eq. (16) as a Taylor series about the observer time t = t o . The spatial part will however be expanded about the source position r = 0 instead -due to K = 0 on average (despite the most up to date measurements by WMAP there remains no tangible evidence for finite mean curvature), even in the limit of large r one only needs to retain the first high order term in the Taylor series to accomodate the small perturbations δK about zero, We will then be led to the following equation for the phase development:
where ω o = ω e a e /a o is the redshifted frequency (i.e. ω(t) ≈ ω o ), a o r = L, and we ignored unimportant additive constants.
According to Eq. (18) we have, in the case of a static Universe where both the galaxy velocity v and the mean curvature K are zero, the phase of the arriving light behaves as that of the usual plane wave with frequency ω o . If, on the other hand, there is a finite random speed v among the masses, we will have an additional phase change δφ that is proportional to the time δt separating any pair of wavefronts. This arises from the last term on the rightmost side of Eq. (18), which no longer vanishes, because by Eq. (15) we now have a finite r 2 δK = δΦ/c 2 ∝ δt. The outcome is a frequency shift from ω o to ω o + δω o , where δω o ∝ v/c. More precisely, δω o equals the additional (velocity induced) phase shift δφ per time interval δt, or:
It is also clear that along a given direction of observation δω o is fixed, because δt is too small for the velocity pattern of the mass clumps to change significantly. If another part of the sky separated by ≥ 1 o is observed, however, a new set of galaxies will be involved, and δω o can in principle differ both in magnitude and sign from that of the previous direction.
Thus the best way of testing this effect is to find out whether the cosmic microwave background exhibit a frequency variation over large (≥ 1 o ) angular scales, leading to an apparent temperature variation over such scales.
In the ensuing calculation we include all the matter components of the Universe, i.e. we shall assume Ω A = 0.3. We also adopt v = 300 km s −1 as representative value for the random velocity component of visible galaxies and dark masses along any given line-ofsight. Concerning the value of L, again as a conservative estimate, we suppose that after decoupling the matter distribution remained essentially too smooth (i.e. unclumped by the criterion stated after Eq. (14)) until the epoch z ≈ 6 when the first stars and galaxies were formed (Fan et al 2001) , so that the forementioned effect applies only to this last portion of the light path, which has a length L = a o r ≈ 8 Gpc in a Ω m = 0.3, Ω Λ = 0.7 cosmology. Substituting the above values into Eq. (19), we obtain:
as the level of frequency (or inferred temperature) fluctuation of the microwave background when two separate regions of the sky are compared with each other.
The reality is quite different, however, because from the WMAP and even earlier data the largest temperature fluctuation amplitude is only ∼ 4 times smaller than that given in Eq. (20), and occurs over angular scales ∼ 1 o . In any case this effect -the so-called primary acoustic peak -is attributed to primordial seed density perturbations that grew to become the present day large scale structures. Moreover, in an auto-correlation analysis of temperature maps, little fluctuation power is found at larger angular scales (see Fig. 13 of Bennett et al 2003) , contrary to our expectation. One must conclude, therefore, that at least in the context of the current understanding of the WMAP data there is no evidence for global space curvature caused by gravitating bodies in a dynamic Universe.
In our calculation leading to Eqs. (19) and (20) we treated the various mass components as point particles. A more complete theory may give rise to modifications at least on this count. It should be emphasized, however, that for reasons explained in the previous paragraphs, the prediction of Eq. (20) is already an underestimate.
The above investigation severely limits the degree to which light from very distant emitters can systematically be influenced by the gravitational field of matter at the largest scale. The limit implies that at least there are vital missing links in General Relativity, rendering it as yet an incomplete theory of cosmology. What we demonstrated here, however, is not the inapplicability of General Relativity towards describing the effect of gravity at stellar (or less) scales. The point is that there has hitherto been no direct test at all on whether the theory holds good over cosmic distance scales, which are 15 orders of magnitude higher.
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